Natural killer (NK) cells and acquired cell-mediated immunity effector cells (delayed type hypersensitivity (nTH) and cytotoxic T lymphocytes (CTL» have been reported to play a vital role in the defence of the host against tumour and viral infections in locations other than the eye. A vigorous cellular inflammatory response to viral infections of the cornea, however, with the attend ant damage to the corneal clarity, has obvious evolution ary disadvantages, and a substantial body of evidence indicates that in animals (e.g. mice) which are highly suceptible to inflammatory destruction of the cornea fol lowing corneal encounter with herpes simplex virus, it is the animal's immunological/inflammatory response which is responsible for the corneal damage. We exam ined the role of natural killer cells in the development of herpes stromal keratitis (HSK) in NK-deficient (CS7BL/6.J-bgj (beige» mice and their NK-competent (CS7BL/6.J (black)) relatives. The beige (NK-deficient) mice were just as resistant to HSK as were the black mice. We also studied the effects of NK cell depletion of BALB/c Igh-! disparate con genic mice. C.AL-20 (lgh-l d) mice are ordinarily highly susceptible to necrotising HSK. In vivo NK-cell depletion in these mice significantly decreased the incidence and severity of HSK in these animals 
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MATERIALS AND METHODS

Experimental Design
Corneal inoculation and scoring for HSK have been 
GCJ/eratioll of Cytotoxic T Cells
Cytotoxic T cells were generated from a modification of techniques described previously.lh.17 In brief. stimulator cells were prepared by irradiating spleen cells from unin fected syngeneic mice with 2500 rads using a 611CO source and infecting them with HSV-I (KOS) at a multiplicity of infection (MOl) of 5PFU per cell for 2 hours at 37°C in 5% Effector cells were harvested and washed twice in Hanks Balanced Salt Solution before resuspending to 2 x 107 cells/ml in culture medium. Titrated numbers of effector cells and 2 x 10 4 target cells were mixed in 96-well flat-bottomed microtitre plates (Falcon; Becton Dick inson, Lincoln Park, NJ) at effector-to-target cell ratios of 100,50 and 25. Target cells also were mixed with medium alone (for spontaneous release), or 5% Triton X-IOO (Sigma, St Louis, MO) alone (for total release). Samples were plated in six replicates. After incubating at 37°C in 5% CO2 (12 hours for Y AC-1 cell targets, 18 hours for BALB/c 3T3 cell targets), 100 ml of supernatant was har vested from each well, and radioactivity was counted in an LKB-Wallac 1272 gamma counter (LKB instruments, Gaithersburg, MD). Total release was determined by add ing 100 ml of 5% Triton X-IOO (Sigma). Spontaneous release was determined by incubating targets with medium only and was less than 30% of total release. Specific release was calculated as % specific release = (experimental cpm -spontaneous cpm) x 100 total cpm -spontaneous cpm
Results shown depict the mean of the percentage of cyto toxicity at one E:T ratio (50:1) for three experiments ± standard error of the mean (SEM) of experiments.
Immunopathology
An immunoperoxidase technique was employed to characterise the cell subpopulations in HSV-infected cor neas as previously described. Positive brown reactions on cell surfaces of two sections from each eye were counted in three representative high power fields (x400) with a 10 mm x 10 mm grid. Cells in the cornea were counted in a masked fashion. The results were tabulated for each mouse strain.
Delayed-Type Hypersensitivity (DTH) Responses
Anti-asialo GM I-treated C.AL-20 mice and untreated control mice (n = 10) received no HSV-l (negative con trols), HSV-I (KOS) in the cornea, or HSV-l (KOS) sub cutaneously (positive controls). DTH was assayed 5 days later as follows. Mice were challenged in the left hind footpad with lOx PFU ultraviolet (UV)-inactivated HSV-l (KOS) in 50 III of medium using a 30 gauge needle on a Hamilton syringe (Reno, NV). The right footpad received an equal amount of uninfected supernate. Twenty-four hours later footpad swelling was measured using a Fowler micrometer (Schlesinger Tool, Brooklyn, NY) in a masked fashion. DTH was calculated as left footpad swelling minus right footpad swelling.
Anti-HSV-I Antihody Titres
Blood was collected from the tail veins of each mouse and the samples for mice within a given experimental group were pooled on days 10 and 18 following corneal inocu lation with HS V-I. Serial dilutions of serum samples were added to HSV-coated and control-coated 96-well plates (Whitaker Bioproducts, Walkersville, MD). An indirect ELISA technique9 was performed using a 1 :2000 dilution of secondary F(ab')2 rabbit anti-mouse IgG (heavy and light chains) peroxidase-conjugated antibody (Jackson Immunoresearch) and phenylenediamine dichloride sub strate. Thirty minutes after the addition of substrate, the optical densities of all wells were measured by a Titertek Multiskan Spectrophotometer (Flow Labs, McLean, VA). Data are plotted as the absorbance at 492 nm against the serum dilution with the background of non-immune serum controls subtracted out as described previously. 19 The end point of positive serum was defined as the reciprocal of the dilution which produced a mean absorbance of 0.2 above background in triplicate wells.
Statistical Analysis
Fisher's Protected LSD was used to analyse the incidence of stromal keratitis in different mouse strains on various observation days. The statistical significance of cytotoxic ity experiments and immunohistological data was assessed by analysis of variance (ANOVA). Comparisons between specific means were made using Student's (-test.
RESULTS
Stromal Keratitis in C57BL/6J-bj Mice
To determine whether NK cells were essential in provid ing resistance to HSK in mice, we first compared the inci dence and severity of HSK in normal C57BL/6J (+/+) mice (n = 8), in C57BL/6J mice carrying the hgi/hgl (beige mutation) which renders them NK deficient (n = 7), and in Igh-l disparate congenic mice of the BALB/c background (C.AL-20, 11 = 17; BALB/c, 11 = 15; and C.B-17, n = 20). As is evident from Fig. I , C57BL/6J-bgi mice were just as highly resistant to HSK as were normal C57BL/6J mice and both these strains were much more resistant to HSK compared with mice of BALB/c background (p<0.0005). HSK was severe (4+) in 89% of normal C.AL-20 mice and in 50% of normal C.B-17 mice. All NK-depleted C.AL-20 and C.B-17 mice showed mild to moderate disease (1-2+).
The HSK resistance of the beige mice suggests that NK cells are not critical for the resistance to HSK seen in C57BL/6J mice. As previously described for the Tgh-I disparate congenics, 2 C.AL-20 mice were highly suscep tible to HSK, BALB/c mice had intermediate susceptibil ity while C.B-17 mice were most resistant (p<O.OOO I).
Effect of In Vivo Treatment with Anti-Asialo GM 1 on HSV-J Induced Stromal Keratitis
We next performed NK depletion studies on both HSK susceptible C.AL-20 (n = 22) and HSK-resistant C.B-17 mice (n = 21). Differences in susceptibility to HSK after corneal inoculation with HSV-I were significant between NK-depleted and control mice of each strain, though the most striking effect of NK depletion was obvious in the HSK-susceptible C.AL-20 mice (Fig. 2) . Treatment of mice with anti-asialo GMI at the onset of corneal infec tion significantly reduced the incidence of stromal kera titis in C.AL-20 mice on all days (p<0.005) and in C.B-I7 mice on days 19 and 21 (p<0.0l). These results suggest that NK cells actually participate in HSK production.
Effect of In Vivo Treatment with Anti-asialo GMJ on In Vitro NK Activity and CTL Generation
We examined the effect of in viWJ NK depletion by anti asialo GMl on CTL generation of spleen cells in response to in vitro stimulation with HSV-I. At the termination of the clinical experiments, mice were killed; their spleno cytes were then tested for NK activity against Y AC-I cell targets and for anti-HSV CTL activity using uninfected (3T3) and HSV-l -infected (HSV-3T3) BALB/c 3T3 fibro blasts. As previously reported,� C.AL-20 splenocytes showed significantly greater NK activity against Y AC-I and un infected 3T3 target cells than C.B-17 splenocytes 301 (p<0.0l ) (Table n. Intraperitoneal administration of anti asialo GMl antibody was effective in almost completely abolishing spontaneous NK cytolytic activity in splenic lymphocytes from both mouse strains. Anti-HSV CTL activity (the difference in percentage specific lysis between HSV-infected and uninfected 3T3 targets) was equal among strains using the paired Student's {-test and was unaffected by in vivo treatment with anti-asialo GMI antibody. These results indicate that the amelioration of HSK produced by anti-asialo GMl antibody treatment does not derive from some unanticipated effect of such treatment on cytotoxic T cell activity.
Anti-HSV-I Antibody Response after Treatment with Anti-asialo GMJ
We also measured the titres of anti-HSV-l antibody pro duced in HSV-l -infected anti-asialo GMl -treated mice and compared them with titres in HSV-l-infected untreated mice. Fig. 3 indicates the mean net absorbance at 492 nm of the immune serum over the non-immune serum at each dilution. An absorbance or optical density (00) 01'0.2 was considered positive. Fig. 3 shows that the endpoint dilution producing an 00 01'0.2 at 10 days post infection was < I :25 for untreated C.AL-20 and C.B-17 mice, 1: 166 for C.B-17, and 1: 118 for C.AL-20 anti-asialo GM I-treated mice. Eighteen days after infection the end point dilution producing an 00 of 0.2 was I: 1380 and I :668 for anti-asialo GMI-treated C.B-17 and C.AL-20 mice respectively, while serum from untreated C.B-17 and C.AL-20 mice had endpoints dilutions of I :759 and 1:537 respectively. These results indicate that anti-asialo GMI antibody treatment did not affect the production of anti HSV antibody at a time when keratitis would ordinarily be at its worst (day 18); such treatment did, however, result in an earlier appearance of anti-HSV antibody.
Effe ct of Treatment with Anti-asialo GM 1 on Dela}'ed T.vpe Hypersensitivity Response
In another series of experiments we tested the ability of HSV-I-infected C.AL-20 mice treated with anti-asialo GM I to mount a DTH response to footpad injections with UV-inactivated HSV-I (II = 10 for each experimental group). The DTH response in normal and NK-depleted C.AL-20 mice was significantly depressed after corneal infection with HS V-I (p < 0.00 I) compared with DTH responses to HSV after subcutaneous priming. Footpad swelling, however, was significantly less in NK-depleted Table I . NK and CTL activity of anti-asialo GM I-treated and untreated animals compared with normal C.AL-20 mice after cor neal and subcutaneous infection (p,;:;O.02) (Table II) .
Immunopathology
Infected corneas from untreated C.AL-20 mice showed significantly greater numbers of asialo GM I + and Thy 1.2 staining cells than infected corneas from untreated C.B-17 mice at all time points of analysis (p<O.OI ); represent ative data are shown from day 21 (Table III) . There were no significant differences seen between the two mouse strains in terms of the number of other cell types present in the cellular infiltrate in infected corneas. Intraperitoneal injections of anti-asialo GM I antibody significantly reduced the number of asialo-GMI + cells in C.AL-20 infected corneas as compared with infected corneas from untreated C.AL-20 mice (p<O.OOOI ). There was virtually no effect of anti-asialo GMI antibody treatment on the already paltry numbers of NK cells present in infected C.B-17 corneas. Anti-asialo GM I antibody treatment had -log of serum dilution 3 0 NK cells are known to play an important role in lysing malig nant cells and virus-infected cells in the body." 1 2 Unlike CTL, which bind targets by a dual recognition mechanism involving both specific T cell receptors (TCRs) and the major histocompatibility complex (MHC), NK cells do not have TCRs and are not MHC-restricted.3u1 In con sidering a possible role for NK cells in preventing HSK. the question of whether in vitro assays of NK activity in murine splenic lymphocytes reflected the activity of lym phocytes at the site of infection was raised. Previous observations made in our laboratory indicated that splenic lymphocytes from HSK-susceptible C.AL-20 mice had significantly higher NK activity than that of HSK -resistant C.B-17 mice after intraperitoneal infection.' Brandt and coworkers reported increased splenic NK activity in BALB/c mice following corneal HSV-l infection, and this could be abrogated by antibodies to IFN ex, � and y.
Despite the induction of high levels of NK activity, mice developed severe ocular disease or died of encephalitis.]) A close correlation has been shown between resistance to intraperitoneal infections with HSV-l in C57BL/6J mice and the production of HSV-induced IFN.36 No significant differences in the early IFN levels, however, were found among susceptible and resistant mice with BALB/c back ground.4 Furthermore, we have been unable to detect differences in IFN level after HSV-l ocular infection in the Igh-l disparate BALB/c congenic mice (data not shown). Therefore, resistance to HSK can not be attrib uted solely to the antiviral effects of IFN.
Peripheral blood lymphocytes (PBL) isolated from patients with recurrent herpetic corneal infections exhibited markedly enhanced NK lytic activity against both HSV-infected and uninfected cell targets compared with PBLs from controls with no recollection of herpetic recurrences. IFN was produced equally by HSV-l -stimu lated PBL with high lytic activity (from patients) and very low lytic activity (from controls).37 If HSV stimulation of non-specific cytotoxic activity and loss of the capacity to discriminate HSV-I-infected from uninfected cells led to a necrotising attack at sites of viral shedding, herpetic lesions could therefore represent necrosis via immuno pathological mechanisms. Values represent mean cell counts from three high-power fields (x400) ± standard elTOr. Six mice were counted in each group.
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To examine this question, we used antibody to render mice NK deficient in our study. Anti-asialo GMI antibody has been shown to eliminate NK activity effectively in cells of various strains of mice and rats in vivo. 12 The specificity of anti-asialo GMI antibody for NK cells is high but not absolute. Asialo GMI, a glycosphingolipid, is detectable on T cells and monocytes.3R-4 0 There is no evi dence, however, that anti-asialo GMI treatment interferes with the ill \'ivo function of macrophages.
1 0 . 4 1 Its effect on cytotoxic T and natural cytotoxic cell function also appears to be minimaLl 2 . 4 1 .4 2 Our data show no significant effect of in vivo anti-asialo GMI treatment on CTL activ ity, Our remIts from in vivo NK depletion experiments suggest that NK cells are necessary for the development of HSK since their depletion at the onset of corneal infection ameliorates its severity, We found no support for the con tention thn NK cells were essential in providing resist ance to t�e development of HSK in mice, Neither NK-deficient C57BL/6J mice carrying the beige mutation nor HSK-resistant C.B-I7 mice given anti-asialo GMI antibody showed an increased susceptibility to developing stromal keratitis. In fact, anti-asialo GMl -treated C.B-17 mice showed a further decrease in susceptibility to HSK. Although the mechanism by which NK cells promote the expression of HSK in the murine model is unclear, our data sugge�;t that HSK may represent an immune reaction in which NK cells, possibly stimulated by antigen-specific CD4+ T cells, launch a necrotising cytolytic attack on both HSV-infected and bystander un infected cells at the site of viral shedding , Some reports suggest that, in the effector phase of DTH caused by tumour antigens, keyhole limpet haemocyanin or ovalbumin, non-specific killer cells of NK linkage are induced by the reaction.43 . 44 This could conceivably explain why DTH responses were depressed in NK depleted mice infected with HSV-I in our experiments.
NK cells proliferate in response to interleukin 2 (IL-2) secreted by CD4+ T lymphocytes and result in the induc tion of lymphokine activated killer (LAK) activity. 4 4-47 LAK cells induced by IL-2 are potent cytotoxic cells that may conceivably mediate at least part of the immuno pathology in HSK.ln vivo depletion of NK cells with anti asialo GM I would, in this setting, be expected to limit the necrosis produced via immunopathological mechanisms. While NK cells with anti-asialo GMI would, in this set ting, be expected to limit the necrosis produced via immu- Supported by NIH grant EY-06008 and by the Deutsche For schungsgemeinschaft (ME 1104-1/1).
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